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(57] o ABSTRACT

Control system and apparatus for measuring and mon-

~ itoring the nitrogen oxides content of internal combus-

tion engine exhaust gases. The exhaust gases are con-
tacted with the reducing electrode of a sensor cell
having a predetermined potential established between
the cell electrodes so that the reducing electrode 1s
able to reduce both the nitrogen oxides and oxygen

~content of the exhaust gas. The current flowing

through the sensor cell is measured to determine

: whether the mtmgen oxides content of the exhaust gas

1S sufﬁcxently low. -

9 Claims, 2 Drawing Figures
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CONTROLS FOR MAINTAINING LOW NITROGEN '-

OXIDES CONTENT IN INTERNAL COMBUSTION
- ENGINE EXHAUST GASES |

RELATED PATENTS

The followmg four patents dlsclose exhaust control

systems: |
U.S. Pat. No. 3759 232 ISbued Sept. 18, 1973,

U.S. Pat. No. 3,827,237, issued Aug. 6, 1974;
U.S. Pat. No. 3,890,946, 1ssued June 24 1975

U.S. Pat. No. 3,030,884, issued Jan. 6, 1976 dleeloses'

a preparation of CoTAA, i.e., the cobalt complex of
5,14-dihydro-dibenzo- (5 9,14, lS)tetmaza( 14) -annu-
lene. | .

The present invention provides a method of momtor-
ing the content of mtrogen oxides in exhaust gases from
internal combustion engines and also provides a sensor
useful in said method. o |

Exhaust gases from internal combustlon engines con-

tain carbon monoxide, nitrogen oxides, and also un-

combusted or only partially combusted hydrocarbons,

| equ:llbrlum composition which is defined as a lambda |
value of 1. The internal combustion engine operated

- with an average of 3,000 rpm and a suction pipe pres-

sure of 460 Torr. The results in the table indicate that

‘the -largest difference in concentrations are for the

~ nitrogen oxide and oxygen components of the exhaust

10

gas. It 1s therefore possible to utilize the difference in

‘the quantities of at least one of these components to

monitor the effectiveness of the catalytic afterburner.

In connection with the nitrogen oxides, it is noted that
the thermodynamic equilibrium between (i) nitrogen

" monoxide and oxygen, and (ii) nitrogen dioxide, under

15

the operating conditions as specified for the internal
combustion engine described hereinbefore, lies very

largely in the direction of nitrogen dioxide. It has there-
fore been proposed to monitor the effectiveness of the
catalytlc afterburner using a probe (or sensor) which

~ only is affected by nitrogen dioxide. The advantages of

20

such a monitoring method is that in addition to the
effectiveness of the catalytic afterburner, it is also pos-
sible to measure the content of nitrogen dioxide in the

~ exhaust gas if the exhaust gas also contains an excess of |

all of which contribute to air pollution. In order to

decrease air pollution caused by these materials to a
minimum, it is necessary to remove as large an amount
as possible of these materials from the exhaust gases
from internal combustion engines and motor vehicles
driven by these engines. In order to accomplish ths,

carbon monoxide and the hydrocarbons must be con-
verted to the maximum extent possible to their highest

oxygen. However, there is a disadvantage in such a

~ procedure in that it is based on the presumption that
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oxidation state. For carbon monoxide this is carbon

dioxide and for the hydrocarbons, the product also
contains water. The nitrogen oxides should be reduced
to nitrogen. |

The foregoing noxious materials, i.e., carbon monox-
~1de, hydrocarbons and nitrogen ox1des may be con-
verted into the innoxious compounds, carbon dioxide,
nitrogen and water in a catalytic afterburner. The gases
are contacted with a catalyst at temperatures above

‘about 600°C in the catalytic afterburner. The opera-

40

tional characteristics of the catalyst must be monitored

because the catalyst becomes less active and often
substantlally inactive after prolonged service. The loss
in catalytic aetmty is dependent upon the temperature
and time of service which largely reflects the amount of
use of the internal combustion engine. Loss of activity
is normally not noticeable in the characteristics of the
motor vehicle drive which 1s powered by the internal
combustion engine. The differences in the exhaust gas
composition from an internal combustion engine with
and without passage through a catalytic afterburner are
spec:ﬁed in the following table: |

| '.Trea_ted in
Catalytic After-

Not Treated In-
Catalytic After-

Component Burner (In ppm) Burner (In ppm)
carbon monoxide, CO - 5,000 2,000
hydrocarbons, HC 1,200 150
nitric oxides, NO, 2,000 50
oxygen, O, - 5,000 200

The values in parts per million specnﬁed are approxi- -

mate values. The exhaust gas was from an internal

" combustion engine operating with an amount of oxygen

sufficient to give lambda value of 0.995. This indicates
a very slight insufficiency of oxygen based on the theo-

retlcal quantity of oxygen necessary to produce an.
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the thermodynamlc equilibrium is achieved. This pre-

sumption is not certain under the conditions of opera-

tion of an internal combustion engine in a motor vehi-

cle. It is therefore necessary in a measuring method

which only responds to the nitrogen dioxide, to connect
a catalyst layer in series with a sensor which: substan-

tially achieves thermodynamic equilibrium between

nitrogen dioxide and the mixture of oxygen and lower

mtrogen oxides.. - - o |
It 1s an ob_]ect of the present invention to. prowde a

_sensor which is useful in a method of monitoring the

nitrogen oxide content of exhaust gases from internal
combustion engines and therefore for monitoring the

effectiveness of the catalytic afterburner which is not-

based upon the hypothesis that the thermodynamic
equilibrium for the followmg reactlon has been
achieved: |

NO + 11202'«-—:-%402 .

Such a method and sensor are useful for monitoring the
effectiveness of catalytic afterburners connected to the

“exhaust end of internal combustion engines since such

exhaust gases do not necessarily contain the nitrogen
oxides and oxygen iIn the aforeldentlﬁed thermody-
namic ethbrmm condltlon |

SUBJECT MATTER OF THE INVENTION

The present invention provides a control system for
monitoring the effectiveness of a catalytic afterburner
which lowers among others the nitrogen oxides and
also the oxygen content of exhaust gases to an accept-

~ able low predetermined level. The invention also pro-
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vides a method for measuring the nitrogen oxides and
oxygen content of the exhaust gases. This 1s accom-
plished by contacting the exhaust gases with a sensor
cell having a catalytic reducing electrode which 1s able
to reduce nitrogen oxides and oxygen at potentials

below the rest potential of oxygen. When a potential
‘below the rest potential of oxygen, and preferably be-

tween about 300 and 700 mV below the rest potential
of oxygen, is applied to the reducing electrode, and the
exhaust gases brought in contact with the reducing
electrode, a current flows between the electrodes of the
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-sensor cell which increases with increases in the total
nitrogen oxides and oxygen content in the exhaust
gases. The invention is further descrlbed In the draw-
ings in which -

F1G. 1 graphically deplcts the currents flowing at

different potentials when exhaust gas or. gases are con-
- tacted with the reducing electrode of the sensor cell.
- FIG. 2 schematlcally illustrates the apparatus of the

© - invention.

- The ordinate of F IG 1 represents the potentlal of the
reducmg electrode against hydrogen .in same solution
“and the abscissa represents the current obtained when
contacting nitrogen dioxide and/or oxygen with the
reducing electrode of the sensor cell. Curve 20 repre-
sents the dependence of the current generated by the
reduction of oxygen with the potential and curve 21

10
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represents the dependence of the current resulting

from the reduction of nitrogen dioxide and changes in
- potential. If a potential of 900 mV against hydrogen in
same solution i1s applied, a current OA is obtained re-
sulting only from the reduction of the nitrogen dioxide.
This is initially a comparatively small current which
‘becomes even smaller if the thermodynamic equilib-
rium is not reached as a consequence of kinetic re-
- straints. If it were attempted to measure such values in

‘a consistent manner and utilize such values in control
system for the exhaust gases, it would be necessary to
~utilize complex and expensive electronic equipment.

‘However, if the potential applied lies 308¢-700. mV
under the rest (steady) potential of oxygen, the result-
ing cathodic current has two components. This is ilius-

trated in FIG. 1 with an applied potential of 400 mV.
. The nitrogen dioxide reduction causes a current flow.
o The reduction of oxygen also causes a current to flow,
as lllustrated in the followmg equations:

N02 + e —> N02

O, + 4e~ + 4H* — 2H,0

~ The current flowing as a consequence of the reduction
of the nitrogen oxide can be a diffusion limited current
by the proper dimensioning of the sensor. Similarly, the
current flowing as a result of the oxygen reduction also
may be a diffusion limited current, but this 1s frequently
not the case. |

- Partial current OC results from the reduction of the
nitrogen oxide and partial current OB results from the
reduction of the oxygen. A total current OD results as
the sum of these two partial currents.

~If the equilibrium for the equation NO + '1/2 Oy

NO, does not correspond to the thermodynamic value,

that is if the gas mixture contains more NO than that
corresponding to the thermodynamic equilibrium, the
~partial current resulting from the NO, reduction be-
comes smaller, but at the same time the partial current
resulting from the O, reduction increases since follow-
ing the dictates of the aforenoted equilibrium, a larger
‘quantity of oxygen would be present in the gas mixture.
The foregoing is based on the premise that the oxygen
content in the exhaust gases in relation to the totality of
all the reactions taking place does not substantially
- exceed the equilibrium value so that, as a consequence,
‘the oxygen content may be considered representative
of the nitrogen oxides concentration. Since proper
operation of an internal combustion engine, 1.€., opera-
tion which i1s not so iean that there 1s gross mcomplete

combustion of oxygen or so rich that the exhaust gases

20

4 .
contain very large amounts of unburned hydrocarbons,
meets this condition, the system of the present mven-

tion is operative to measure and/or monitor the con-

centration of nitrogen oxides in the exhaust gas from

internal combustion engines. Of course, if additional
air is supplied to the exhaust gas system, the foregoing

equilibrium "does not necessarily apply and, accord-
ingly, the sensor would be positioned in the exhaust gas

system before any additional air intake.
Since the current results from the total of two differ-
enit components, as a rule no linear relationship exists

“between the concentrations of the reducible compo-

nents and the amount of current. The sensor therefore
is preferably calibrated in such a manner that it indi-
cates the functioning capacity of the catalytic after-
burner in the form of a yes/no decision. To accomplish
this, the current from the sensor cell is conveyed toa
momtormg apparatus such as ammeter 13 which in
turn 1s connected to a signaling device 14 of an acoustic
or optical nature when the current exceeds a predeter-
mined limiting value, which is several times (for exam-

- ple, 3-7 times) the current that flows when the mtmgen |
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oxides are at the desuable low concentratlon in the -
exhaust gases.
The preferred cata]ytlc ‘materials which function as

the reducing electrode to reduce both nitrogen oxides

and oxygen are the metal chelates and, preferably, the
phthalocyanines and the 5, 14-dehydr0 diben-

70(5,9,14,18)- tetraaza( 14)-annulenes and partlcular]y

the cobalt chelates thereof; carbon, particularly in the
form of graphite or carbon black obtained from decom-

position of acetylene; and the platinum metals, particu-
_larly, Pt, Pd, Ru, and their alloys.

FIG. 2 deplcts a sensor according to the present in-
vention. It also depicts its relatlonshlp relative to the
flow of exhaust gases when it is used for monitoring the
nitrogen oxide content of exhaust gases and for moni-
toring the effectiveness of the catalytic afterburner.

The sensor is posmoned to measure the nitrogen oxide

content of the exhaust gas from an internal combustion
engine 12 used to drive a motor vehicle. When the
sensor is also used to monitor the effectiveness of a

'catalytlc afterburner it is positioned in the exhaust

stream 8 from the catalytlc afterburner 9 or on a bypass

which has a specified service life based upon the

“amount of contact with exhaust gases, it is advanta-
_"-geous that the sensor be placed in a bypass rather than

in the main exhaust stream. It is also advantageous that

‘the exhaust gas should only be admitted to contact with

the sensor on an intermittent rather than a continuous
basis. This results in a prolongation of the service life of
the sensor. This prolongation of the service life of the
sensor is a consequence of the fact that if there is less
frequent contact with the exhaust gases, there are
smaller quantities of reaction products or other sub-
stances from the exhaust gas which may dissolve in the
electrolyte of the sensor. The smaller such amounts are
for a given period of time, the greater is the service life
of the sensor. The control of the exhaust gases to the
sensor in FIG. 2 is effected by the illustrated valve 1.
The sensor cell is formed from six layers. The exhaust
gas first contacts an activated carbon layer 2 which
functions as a diffusion inhibitor. Carbon layer 2 is

supported between two porous supporting layers 3

formed from polytetrafluoroethyene (PTFE). The
PTFE layer 1s in contact with the catalyst layer 4. The
method for producing the catalyst layer 4 and the com-




position thereof are further illustrated in the 'Examples
Any substance having sufficient conductivity may be
used as the electrolyte if it has a pH of 0'to 5. Sulphurlc

acid and ‘phosphoric acid in llqllld form or absorbed in

a''porous inert ‘matrix, for example, _diatomaceous

earth, may be used. lon exchange membranes are also
_:preferred cmbodrments of the electrolyte The electro-
lyte layer 5 also contacts the electrode 6 at whrch OX1-'

dation occurs and which also serves as a reference
electrode. The electrode 6 is requrred to mamtam its
constant potential at the relatwely minor ‘amounts of
current which flow. A s1lver/srlver sulphate electrode, a

lead/lead sulphate electrode and a qumhydrone elec-

trode have been found to be sultable for use as the
electrode 6.

A constant potentlal is applled between the catalyst
electrode 4 and the electrode 6. The constant potential
is applied by connecting each of these electrodes with

a potentiostatic regulator 7 illustrated as a block In
- 20

FIG. 2. Potentiostatic regulators of this type are known.
These regulators-7 are also commonly referred to as
controlled voltage sources. The constant _potential ap-
plied is preferably between 200 ,and 600 mV, and op-

3, 974 040
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* trode when the electrode ‘has a potential between 200

and 600 mV, it is’ necessary to use complex equipment

" because the NO; is generally stabilized with an excess

of -oxygen: However, since the aforeidentified: values
for the current flow results from a-diffusion limit cur-

rent, the presumption may be made that the current .

- flowing at the lower potentials is: of the same. order as
* . those-measured at 900 mV. This presumption is con-

10
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firmed by. the expenments heremafter (see Examples

Il and IV). . o -
.. Tests-of the same el...ctrode operated and contacted

;wrth an oxygen-nitrogen mixture, when set at a poten-
tial .of 400.mV, obtalned the followmg currents when .

the gases contamed an oxygen content of 0 02% or
0 3% by volume, respectwely o

002 vol% o_£ ia,u,A

0.5 vol % 02"270 p.A'

These Examples establlsh that reductlon currents
which are measurable may be obtained when using the

' “catalyst of this. Example .in contact with NO,-containing

~ tionally is between 400 and 500 mV, with reference to -

~ the hydrogen electrode in the same solution. When
exhaust gas is applied to the sensor, the current which
flows at-the said applied potential is measured-by am-
meter 13 and:is a measure of the reduction of nitrogen

oxide (NO,) and oxygen which occurs at the: catalyst_
., 30

‘layer. If this current value exceeds a specified experi-
‘mentally predetermined limiting value, then the catal-
tyic -afterburner through which.the. exhaust gases. ﬂow
before being. placed in contact with the sensor no
longer functions effectively. This lack of effective func-

tioning is indicated by an unduly high nitrogen :oxide-

| oxygen content in  the exhaust. gases after.. passage
through the catalytic. afterburner. When . the current

25

~gases and also. with. OXygen- containing gases which do
not contam NOz | . |

EXAMPLE II

- l 2 g of the cobalt complex of 5 14-—d1hydro drbenzo- -

(5,9,14,18)tetraaza(14)-annulene (CoTAA) are mixed
wrth 2.4 g of a carbon having a large surface area, i.e.,

a specific. surface of about 1,750 m?/g.and thermally
activated for 16 hours at 420“C and thereafter for one

- hour 4t 950°C under nitrogen. Any soluble cobalt prod-

35

exceeds the aforesaid predetermmlng limiting value it

may be used to operate a. warning srgnal 14. .

The invention is further illustrated in’the followmg
Examples which particularly illustrate the process: for
‘manufacturing specified catalysts and also illustrates
the process for determmmg the effectweness of the
| catalyst in operation’in: the sensor. s

EXAMPLE 1

2.5 grams of cobalt phthalocyamne are dlssolved in |

rconcentrated sulphuric' acid ‘at room temperature 2.5

grams of carbon black: formed - from acetylene are.

added to this solution and form a suspension. Distilled
~ water is then added and the phthalocyanlne is' depos-
ited on the carbon black. The solution is then filtered
and after drying, 10 mg of the resultant’ catalyst are
-~ stirred to form a paste with methanol and then brushed
onto-a porous Teflon foil having a diameter of 32 mm.

745
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ucts which may have been formed by this treatment are

dissolved out by washmg (decanting) the reaction
product for three days in 4.5 N H,SO,. Thereafter the

‘reaction product is stirred into a paste: wrth methanol

and brushed onto a porous PTFE foil of about 6 cm?®
surface to form a coating havmg a coatmg density of 3
mg/cm2. This electrode is installed in a holder and

‘contacted with. a-graphite felt disk -as: well .as with a

~ “perforated acrd-resrstant conductor plate: A porous

soft-lead’ plate of 7.5 cm? surface is used as the other

- electrode. 4.5 N HoS0, is absorbed in finely .divided
silicic acid in a ratio. of 1:9 is used.as.the electrolyte o

'NO,-containing gases in. contact-with the hydrophobe

PTFE-foil of this electrode, having NO,-concentrations .
of 38 and 500 ppm, respectively, produce currents of

74 and 830 -uA, respectively, when. the electrode po-

50
" mV, are substantially the same as at 900 mV. This es--' |

tential is- 900 mV. The. current values at 400 and 500

. tablishes that these are dlﬂ’usron Timit currents

.. When the electrode 1S operated with an oxygen-con—

' tammg gas mixture, the followmg values were mea- |

33

This is then used as the catalytlc electrode. It is tested

in the form of a half cell in 4.5 N H,SO, at room tem-
perature with reference to a hydrogen electrode in the

same solution.
When the potential of this electrode is set at 900 mV,

measured with reference to the hydrogen electrode In
the same solution, and a gas which contains approxi-
mately 400 ppm of NO. is contacted with the electrode
then a cathodic current of about 300 microamps is

obtained. When the gas contains only about 40 ppm of
NO,, the corresponding current is about 32 microamps.
In order to measure the cathodic current flowing as a

60
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result of NO, in a gas stream in contact with an elec-

sured:
" electrode potential nitric oxide oxygen current
400 mV 38ppm  0.02% 75 pA
400 mV 500 ppm 0.5 % 780 uA
500 mV - 38 ppm 002% S0 pA
500 mV - 500 ppm 0.5 % 430 pA
EXAMPLE III

A sensor produced in accordance with Example Il -

‘was positioned in a bypass off the exhaust stream from
the catalytic afterburner. which treated the exhaust
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‘gases from the internal combustion engine of a motor
vehicle. When the catalyst operated effectively, the
exhaust gas contained 40 ppm of nitrogen oxides, 1.e.,
approximately 37. ppm-of NO and 3 ppm of NO,, a_nd
also contained about 0.02% of oxygen. When the elec-
‘trode potential of the sensor was set at 400 mV, a cur-
rent of 83 microamps was obtained. When the catalyst

failed the concentration of NO rose to 2,250 ppm, and

- the oxygen concentration rose to 0.5%. Under the same | l 0.

conditions of test, the current was 1.2 mA. This 1s

larger by one order of magnitude than the current ob-

tained when the cataltyic afterburner was operating

effectively. This difference of magnitude of the current
from the sensor may be used to operate a signal that

15

there is a disorder 1n the functlomng of the catalyst. To

operate such a signal, a limiting value of the current
which must be exceeded to operate the signal is set.
The limiting value in the foregoing arrangement is set
between 300 and 500 mlcmdmps

EXAMPLE IV

A sensor which was prepared followmg the precedmg
Example I, except: that it contained a larger coating
density of 6.8 mg/cm? cobalt-phthalocyanine/carbon
black-catalyst. It was installed in a bypass off the ex-
‘haust gas from a metor vehlcle The followmg values
were measured *

An effectwelx wurkmg eatdlvst
exhaust gas content | eleetrede petentml -
0.02 % 0,

40 ppm NO
0.02 % O,

40 ppm NO

. cathodic current

400 mvV___ __ 35uA

500 mV 22 pA

A cdtalyqt w1th lmgdlred Eerfnrmance
0.5 % O, |

20
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~-2250 ppm NO - 400 mV 380 pA -

. 0.5 % O,

2250 ppm NO .56(} mV 280 *“'A )

- 40

The relationship of NO to NO, was the same as in
“Example III. The current increases by more than one
“order of magnitude when the catalyst fails.- In this sys-
tem the limit value of the current which, when ex-
‘ceeded, triggers a signal, is set at 80 to 100 uA at a 400
“mV electrode potential, or set at 50 to 70 p.A at a 500
" mV potential, respeetwely
‘We claim:

1. A method for momtormg the nitrogen oxides ‘and

| ;oxygen content of exhaust gas from an internal com-

bustion engine using a sensor cell which comprises
a. a catalytic oxygen reducing electrode which also
reduces nitrogen ox:des at potentlals below the rest
potential of oxygen, '
b. an oxidizing electrode,

8
c. an aqueous electrolyte connecting said electrodes,
and _ I |
d. a porous gas diffusion inhibitor layer covering the
- side of said oxygen reducing electrode adapted to
~ be contacted with said exhaust gas; said method
comprising
~ applying a potential to said oxygen ‘reducing elec-
trode, said potential being between about 300 and
700 mV below the rest potentlal of oxygen ‘when

‘measured in the same electrolyte,
| ._contactmg a portion of said ‘exhaust gas with said
- porous gas diffusion ll'lhlbltOI‘ layer, a portion of

said contacting exhaust. gas passing through said
diffusion mhlbltlng layer to sald oxygen reducmg
electrode, and
- measuring the current that flows between said oxy—
~gen reducing electrode and said oxidizing electrode
~ as a result of the reduction of nitrogen oxides and
oxygen In contact with sald oxygen reducing elec-
trode. | |
2. The method of claim 1 wherem said catalytlc OXY-
gen reducing electrode contains at least one catalytic

material selected from the group consisting of eatalytlc _

metal chelates, carbon, and platinum metals.

3. The method of claim ‘1 wherein portions of said
exhaust gas are intermittently contacted with sald re-
ducmg electrode of said sensor cell. -

4. The method of claim 3 wherein said catalytic oxy-
gen reéducing electrode contains at least one. catalytic
material selected from the group consisting of catalytic
metal chelatés, carbon, and platinum metals, and
wherein said oxidizing electrode is selected from the
group consisting of a silver-silver sulphate electrode, a
lead-lead sulphate electrode, and a qumhydmne elec-
trode. - |
5. The method:of clalm 4 wherein said catalytic oxy-

gen reducing electrode contains a catalyst material

selected from the group consisting of the metal com-

plexes of the phthalo/cyanines and the 5,14-dihydro-

dibenzo (5,9,14,18)-tetraaza( 14)-annulenes; graphite;
and carbon black obtained from acetylene. |
6. The method of claim 5 wherein the potential ap-

plied to said catalytic oxygen: reducmg electrode 1s
~between about 400 and 500 mV below the rest. |

45

7. The method of claim § whereln said electrolyte has
apHof O0to5.

8. The method of claim 1 whereln said catalytic oxy-
gen reducing electrode contains at least one catalytic
material selected from the group consisting of metal

- chelates, carbon, and platinum metals, and wherein

30
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' said oxidizing electrode is selected from the group

consisting of a silver-silver sulphate electrode, a lead-
lead sulphate electrode and a quinhydrone electrode.

- 9. The method of claim 8 wherein said electrolyte has
a pH of O to 3. -

ok kR k%
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